Abstract-Power fluctuation caused by wind speed variations may be harmful for the stability of the power system as well as the reliability of the wind power converter, since it may induce thermal excursions in the solder joints of the power modules. Using the wind turbine rotor inertia energy for power leveling has been studied before, but no quantified analysis or generic design method have been found. In this paper, the transfer functions from the wind speed to electrical power, electromagnetic torque, and rotating speed are built based on which the rotating speed controller is designed in the frequency domain for power leveling. Moreover, the impact of other parameters on power leveling, including the time constant of maximum power point tracking (MPPT) and the rotor inertia, are also studied. With the proposed optimal design, the power fluctuations are mitigated as much as possible, while the stability of the rotating speed is still guaranteed. Moreover, the oscillation of the electromagnetic torque is also reduced, and the performance of the MPPT is only weakened slightly.
inherent characteristic of the wind nature. Therefore, the power leveling is a kind of solution to reduce the ΔT .
To smooth the power fluctuations by adding energy storage systems (ESSs) like flywheels, supercapacitors, and batteries [11] [12] [13] [14] in wind power converters has been proposed. The ESS is normally connected to the dc link and operate as a buffer by absorbing or releasing power when the wind power is above or below average value. The ESS will, therefore, not influence the wind turbine control, and the main efforts in this method are put into the topologies, control strategies, and size evaluation of the ESS [15] [16] [17] . The high power generation efficiency is retained and the power fluctuation can be mitigated significantly as long as a large enough ESS is introduced. A commercially available wind turbine with ESS integrated already exists [18] . Despite, the drawbacks are obvious, e.g., the power fluctuations and thermal excursions in the generator side converter cannot be improved by the ESS connected on the dc link, and the cost of ESS for the large-scale wind turbines is still very high [19] . It is, thus, essential to first study how much the wind turbine system itself can contribute to relieve the power fluctuations.
Pitch angle control and dc-link voltage control have been studied for the power leveling [20] [21] [22] . However, changing the pitch angle below the nominal wind speed will loss the power generation considerably. Regulating the dc-link voltage could be an effective approach for low-voltage-ride-through, but it is negligible for the power leveling in the normal condition. Another possibility for power leveling in large-scale wind power systems is the rotor, which has a larger inertia of moment storing big amount of energy that can be used as an ESS for power leveling [23] [24] [25] [26] [27] [28] [29] . This inertia energy is indirectly controlled by regulating the rotating speed of the wind turbine. The related control strategies have been studied in [23] and [24] ; however, detailed analysis was not given and the stability of the rotating speed was not considered. Advanced control methods like fuzzy control and model predictive control have been employed for power leveling [25] , [26] . The approaches perform well and the constraint of the rotating speed is also studied. Despite, the control methods were relatively complicated and the generic design approach was still missing. In [30] , the constant power control, constant torque control, and optimal power control were comparably studied from power leveling point of view, then a transfer function from wind speed to the electrical power was derived to illustrate the power filtering effect and analyze the stability of the controllers as well. The transfer function in frequency domain made the filtering effect much easier to be understood and the conclusion that the power leveling was a matter to design the slop between the electrical power and rotating speed was very valuable. Nevertheless, an optimal design of the rotating speed control in frequency domain was not given. Some details were also ignored in the derivation of the transfer function, in terms of the maximum power point tracking (MPPT) controller, and the impact of the rotor inertia. Moreover, the influence to the torque was not considered, which may be significantly changed by the power leveling strategies.
In this paper, the transfer functions from the wind speed to electrical power, torque, and rotating speed are built first. Then, the rotating speed controller is optimally designed in frequency domain and the stability of the rotating speed is studied and guaranteed. Moreover, the impact on the torque as well as the sensitivity to the other parameters like the inertia, the time constant of the MPPT controller are also analyzed. This paper is organized as follows. Section II illustrates the system model. The rotating speed controller is designed in Section III. The impact of the other parameters on the power leveling is studied in Section IV. In Section V, the proposed method is verified by the simulation results. The conclusion comes in Section VI.
II. SYSTEM MODELING
The system is modeled first, in terms of the wind turbine model and the generator model, as shown in Fig. 1 . The generator side converter model is usually equivalent to a delay. The delay time is only 0.75 of the switching period [31] , which is much shorter than the time constant of the wind turbine model and generator model, thus it is ignored. The grid side converter is not considered since the grid side converter is just tracking the power of the generator side converter. It should be noted that all the parameter values are listed in Appendix (see Table III ).
A. Wind Turbine Model
The wind power absorbed by the turbine can be expressed as
where ρ denotes the air density, A = πR 2 is the turbine swept area, R is the radius of the blade, V W indicates the wind speed, C p is the power coefficient of the blades, which is defined as
where λ is the tip speed ratio, and β is the pitch angle, c 1 ∼ c 6 are the coefficients, and ω m is the rotating speed. The maximum power coefficient C p,opt is 0.48, which can be obtained when the optimal tip speed ratio λ opt = 8.1 and zero pitch angle β = 0 are achieved. The wind power can also be expressed as
where T m is the aerodynamic torque on the turbine and it can be expressed as the following by substituting (1) into (3):
The aforementioned equation is actually the aerodynamic model of the wind turbine, which can be used to obtain the aerodynamic torque based on the wind speed, the rotating speed and the characteristics of the wind turbine.
B. Generator Model
For the PMSG-based wind power generator, the electrical, torque, and mechanical equations are expressed in the following. In the rotating frame (dq), the q-axis is aligned with the rotor flux.
where v sd and v sq are the stator voltages, i sd and i sq are the stator currents in dq frame, L s and R s are the stator inductance and resistance, respectively, ϕ r is the rotor flux, T e is the electromagnetic torque, p is the machine pole pairs, ω e = pω m is the electrical rotating speed, and J is the rotor inertia including the turbine and the generator. The friction is not the dominant factor and it is ignored here. The generator side controller is a conventional dq frame control, and the compensation terms are based on the generator model, as seen in Fig. 1 . The outer and inner loop are the rotating speed control and stator current control, respectively. The reference of d-axis is zero.
III. DESIGN OF THE ROTATING SPEED CONTROLLER
As known, the kinetic energy stored in the rotor can be expressed as and the charging/discharging power of the turbine can be obtained as the following:
As seen in the aforementioned equation, the charging/discharging power of the turbine does not only relate to the rotating speed ω m but also to the speed change rate dω m /dt. Thus, dω m /dt can be regulated for the power leveling according to the basic relationship between the wind power P W , the charging/discharging power of the turbine P m and the electrical power delivered by the drive train P e , as following:
which is also indicated in Fig. 2 . In steady state, the wind turbine operates on the MPPT curve to maximize the power generation. Assuming there is a wind speed step between 9 and 10.5 m/s, the wind power P W obtained by the turbine will follow the curve ACB in increasing and BDA in decreasing. The power changes fast and even an overshoot happens in step down of the wind speed, which is not desired to happen in electrical power P e . In order to obtain a smoother electrical power, for example, following the curves AC B and BD A, the charging/discharging power P m of the turbine is needed to compensate the difference indicated by the shadow. The P m is indirectly regulated by the rotating speed controller, which is, therefore, designed by the following. The transfer function from the wind speed to the electrical power is built first for the design. Since the relationship between the wind speed and the electrical power is nonlinear in the whole wind speed range, the small perturbation linearization is relatively more appropriate for the transfer function. The corresponding dimensionless transfer functions have been partial derived in [30] and they are expressed as the following: 
where 
According to generator side controller (see Fig. 1 ), the torque equation (7) and the static equation P e = T e ω m , the relationship between ω m and P e can be indicated as shown in Fig. 3 , where ω * m is the reference of the rotating speed and the low-pass filter in MPPT control is expressed as
According to Fig. 3 , it is obtained
Removing the static and the second-order small terms, it can be gained
where ΔT e can be obtained according to Fig. 3 as
According to (1) and (2), the MPPT control can be expressed as
Then, it can be derived
Substituting static expression of (19) into (20) , it can be obtained
Substituting (18) and (21) into (17), it is obtained
The rotating speed controller is a typical Proportional + Integration (PI) controller, which can be expressed as
Substituting (1), (22), and (23) into (12), and considering that C p0 = 0 when C p0 achieves its maximum value, it is gained
where k 1 = . As seen, the dimensionless transfer function from wind speed to electrical power is actually a third order and it can be simplified to a second order, if the following condition can be achieved
Thus, (24) can be simplified to
The transfer function becomes a second-order model with a lead compensation and it can also be expressed as
where K 1 , ω f 1 , ξ, and ω 0 can be indicated as,
Another two important indicators are the mechanical stress and variation of the rotating speed, which can be analyzed by G T /V (s) and G ω /V (s), respectively. Substituting (1), (22) , (23) , and (25) into (13) , and considering that C p0 = 0 when C p0 achieves its maximum value, it is obtained as
which can also be shortened to
where K 2 and ω f 2 are
The dimensionless transfer function from wind speed to the electromagnetic torque is defined as
Substituting (17) into (32), it can be obtained
Substituting (26) and (29) into (33), it is acquired
Similarly, G T /V (s) can be expressed as
where K 3 and ω f 3 can be indicated as
According to (27) , (30) , and (35), G P /V (s), G T /V (s), and G ω /V (s) have the same characteristic equation, which means the same bandwidth and damping. However, the lead compensation links involved in the transfer functions are different, and thereby, lead to different frequency characteristics. In order to make the electrical power smoother, the bandwidth of G P /V (s) should be reduced as much as possible, while the precondition is that the wind turbine should always be kept in the stable region. Fig. 4(a) dt < 0 when the wind turbine is in the unstable region, the wind turbine will speed down until it stops, which is not expected unless it is below the cut-in wind speed. With MPPT control, the static operation points of the wind turbine are all in the stable region. However, if the rotating speed has an overshoot as a response to the decrease of the wind speed, the wind turbine has the possibility to get to Fig. 4(a) , with a wind speed reduction ΔV W , the wind turbine will go from A to B. The motion of the rotating speed is composed of Δω 1 and Δω os , as illustrated in Fig. 4(b) . The overshoot Δω os can be positive, but it should be lower than the gap between the MPPT curve and L 1 in order to avoid the undesired stop of the wind turbine. According to (13) and Fig. 4(b) , it can be obtained
Since Δω os Δω 1 is valid in the case a large wind speed reduction happens, the constraint for the stability of the wind turbine, therefore, can be obtained as, (in steady state of MPPT, the ratio between wind speed and rotating speed is fixed)
According to (29) , it is easy to obtain |G ω /V (jω)| ω =0 = 1. Therefore, it can be concluded from (38) that no resonance is acceptable in |G ω /V (jω)| for the stability of the wind turbine. Meanwhile, the resonance of G P /V (jω) and G T /V (jω) can also be studied by their maximum magnitudes, which are defined as
where M P , M ω , and M T are relative magnitudes. Then, the constraint for the stability of the wind turbine can be expressed as
Substituting (27), (30) , and (35), M P , M ω , and M T can be calculated as 
The maximum magnitudes as a function of K iω are illustrated in Fig. 5 . When K iω is reduced, the bandwidth decreases, while the maximum magnitudes of G P /V (jω), G T /V (jω), and G ω /V (jω) have different behaviors. Basically, those of G P /V (jω) and G ω /V (jω) will increase, and that of G T /V (jω) will decrease. Therefore, it is concluded that, as the smoother electrical power is desired, the narrower bandwidth is required but at the same time more significant rotating speed variation will be introduced. Further, the electromagnetic torque or mechanical stress may not be increased or significantly increased with optimal design. Based on Fig. 5 , three designs are made for comparison, in terms of underdesign, optimal design, and overdesign, which are listed in Table I . In the optimal design, the minimum bandwidth is obtained and the constraint [see (42)] is still fulfilled. The plots in Fig. 5 are, therefore, divided into two parts by the optimal design, where the left and right sides are unstable and stable regions, respectively. Moreover, in optimal design the resonance exists in G T /V (jω), but the amplitude is only 1.02 pu. 
Fig. 6. Impact of K iω on magnitude of G P /V (s), G T /V (s), and G ω / V (s).
The corresponding frequency characteristics are then analyzed by Bode P lots, as shown in Fig. 6 . In underdesign and optimal design, there is no resonance in G ω /V (s), but the bandwidth of G P /V (s) in the underdesign is higher than optimal design. In the overdesign, the bandwidth of G P /V (s) is narrower than optimal design, but the resonance of G ω /V (s) is, however, large. Moreover, in the underdesign a small resonance of G T /V (s) is observed. All of these match Fig. 5 very well. The sensitivity of the transfer functions with wind speeds is also studied, as indicated in Fig. 7 . As seen, the wind speed has relatively more significant impact on G ω /V (s), but it is still very small. Thus, the dimensionless transfer functions have good insistence in the whole operation region. The proposed design list of the rotating speed controller is further indicated in Table II . It should be noted that the power fluctuations of the wind turbine mostly occur when the wind speed varies below the nominal wind speed, where both the current and the power are below their nominal values. When the wind speed is beyond the nominal value, the pitch control will be triggered to maintain a constant nominal power, and in this case, the current of the wind power converter is limited to its nominal value. Therefore, with the proposed optimal design, the current will not go beyond the power converter rating.
IV. IMPACT OF THE OTHER PARAMETERS ON POWER LEVELING
In order to get a better understanding of using the inertia energy for power leveling, the impact of the other parameters 
TABLE II DESIGN LIST OF THE ROTATING SPEED CONTROLLER
Step 1 The dimensionless transfer functions (26), (29), and (34)].
Step 2
Assuming K p ω = T m p p t * K i ω , the transfer functions G P / V (s), G ω / V (s) and G T / V (s) become second order, whose bandwidths are all proportional to K i ω .
Step 3
The stability condition is derived as following
by which the minimum value of K i ω is obtained. Afterwards, K p ω is calculated as K p ω = T m p p t * K i ω .
Step 4
The response of the wind power to the wind speed variation is then checked at various wind speeds in frequency domain. Moreover, the response of the torque to the wind speed variation can also be evaluated by using G T / V (s).
are also studied. From control point of view, the time constant of the MPPT control T mppt , which is the longest one in the control system, could be one of the critical parameters. Another important parameter is the rotor inertia J since it dominates the capacity of the inertia energy. A case study is done, where T mppt or J have different values for each case. The optimal design is obtained for each case following the method proposed previously. The Bode P lots of the transfer functions with the optimal design are then used to analyze the impact of T mppt and J.
A. Impact of the Time Constant T mppt
The time constant T mppt is set to be 5, 1, and 0.1 s, respectively. The corresponding Bode P lots of the transfer functions with the optimal design are shown in Fig. 8 . When T mppt is reduced, the bandwidth of G P /V (s), G T /V (s), and G ω /V (s) will decrease. However, the reduction of T mppt from 5 to 0.1 s only influences the performance of power leveling slightly. Therefore, T mppt is not a critical parameter from power leveling point of view.
B. Impact of the Inertia Moment J
The inertia of moment J is set to be 2, 1, and 0.5 pu, respectively, where the value of 1 pu can be found in Appendix (see Table III ). The corresponding Bode P lots of the transfer functions with the optimal design are shown in Fig. 9 . When J is doubled, the bandwidth of G P /V (s), G T /V (s), and G ω /V (s) will be half of the previous value. As a consequence, the inertia of moment J is very important for the power leveling and larger inertia can lead to smoother power. 
V. SIMULATION RESULTS
A wind power system model is built in Simulink/PLECS, where the modeling in Section II and the parameters in Appendix are followed. As seen in Figs. 10 and 11 , simulation of the wind turbine is first done with 5-and 40-s wind turbulences, respectively, to verify the frequency characteristics of the proposed method. With the 5-s (0.2 Hz) wind turbulence, the overdesign shows the best performance for power leveling as well as the torque leveling, where the optimal design followed. But with the 40-s (0.025 Hz) wind turbulence, the wind turbine with overdesign gets to the unstable region gradually until it stops. This is because at 0.2 Hz, the amplitude of G ω /V (s) is below 1 pu, so the stability condition (42) is fulfilled, while at 0.025 Hz, it is around 2 pu, which is beyond the constraint for stability and makes the system unstable (see Fig. 6 ).
A roughness class 4 wind profile [32] is then employed to study the behavior of the wind turbine, as shown in Fig. 12 . The optimal design leads to smoother power and torque than underdesign, and its rotating speed has more significant variation. The power coefficient C P is also influenced by the various designs, where the underdesign has the highest C P and the optimal design just followed. Nevertheless, C P is above 0.95 pu with the optimal design. The overdesign again has the smoothest power and torque. Despite, the lowest C P and stability issue of overdesign make it unacceptable.
VI. CONCLUSION
The transfer functions from the wind speed to electrical power, electromagnetic torque, and rotating speed are built, based on which the rotating speed controller is designed for power leveling in the frequency domain. Moreover, the impact of other parameters on the power leveling, including the time constant of MPPT and the rotor inertia, is also studied. With the proposed optimal design, the power is smoothed significantly as well as the torque, and the performance of MPPT is weakened slightly. On the other hand, the rotating speed varies more intensely, but the wind turbine is still in the stable region since the constraint of rotating speed for stability is followed. It is also found that the rotor inertia instead of the time constant of MPPT is a critical parameter for the power leveling. 
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